aggravated mitochondrial dysfunction and oxidative damage in cells under mild oxidative stress. 3 Moreover, cancer cells cultured in the serine-deficient medium had reduced glutathione content and were vulnerable to peroxide treatment. 4 Furthermore, our previous studies suggested that serine supplementation could alleviate oxidative stress in different rodent models. [5] [6] [7] Either exogenous or endogenous serine might be important for the synthesis of glutathione and for the cells to counteract oxidative stress, although direct evidence is still lacking.
Glycolytic serine synthesis balances the use of endogenous and exogenous serine in nucleotide synthesis and in the maintenance of redox status. 8 Rapidly proliferating cells can both utilize serine exogenously and serine from the de novo synthesis pathway. 4, 9 Recently, serine availability has been suggested to influence mitochondrial function and cellular respiration in proliferating cells. [10] [11] [12] However, no studies have focused on the role of exogenous serine on cell proliferation and apoptosis in the intestine that are under oxidative stress.
The intestinal epithelium faces the complicated luminal environment and is prone to oxidative damage induced by ingested materials and microbial pathogens. 13 The gastrointestinal tract is a critical source of reactive oxygen species (ROS) and disruption of redox balance and proliferation can contribute to the development of various intestinal diseases such as duodenal ulcers, intestinal malignancies, and inflammatory bowel disease. 14, 15 In this study, we investigated the role of serine deficiency and exogenous serine supplementation in the maintenance of intestinal redox balance and cell proliferation in the normal mammalian intestine and to explore whether there are different results from cancer cells. We found that serine deficiency exacerbated oxidative stress and inhibition of proliferation in the intestinal challenged with hydrogen peroxide, while exogenous serine rescued these damages. Moreover, we also suggested that the maintenance of redox balance by serine occurs through supporting glutathione synthesis and activating nrf2 in normal mammalian intestine cells that are under oxidative stress. Further, our results also showed that serine improved mitochondrial function and supported cell proliferation through the mTOR signaling pathway.
| MATERIALS AND METHODS

| Animal experiment
C57BL/6J mice (10 weeks old) were purchased from the Slac Laboratory Animal Central (Changsha, China). All mice were housed under standard conditions in pathogenfree colonies (temperature, 22 ± 2°C; relative humidity, 50 ± 5%; lighting cycle, 12 h/d) and were provided with free access to food and water. After 1 week of acclimatization, all male animals were fed either with control diet (Research Diets, New Brunswick, NJ, USA) or the serineand glycine-deficient (SGD) diet (no added serine and glycine; Research Diets) for 28 days. The components of the diet are shown in Table S1 . On Days 0, 7, 14, 21, and 28, blood was collected from the retro-orbital sinus. Then, the remaining mice were either gavaged with saline or 1% hydrogen peroxide (5 mL/kg) for 7 days. This concentration of hydrogen peroxide has been showed to induce stable oxidative stress in jejunum according to our preliminary experiments. At the end of the experiment, blood was collected and mice were sacrificed by cervical dislocation, and then jejunum samples were collected for further analysis. All the procedures in the present study were approved by the Animal Welfare Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences. All procedures were carried out according to the rules established by the committee.
| Cell culture and treatment
IPEC-J2 cells were grown in DMEM containing 0.4 mM serine and 0.4 mM glycine. Complete medium (Com) was formulated by adding additional nutrients to MEM to match the nutrient content of DMEM. Serine-and glycine-deficient (SGD) medium were formulated as a complete medium but without the addition of serine and glycine. IPEC-J2 cells were cultured either in the Com or SGD medium for the treatment of different conditions. For the induction of oxidative stress, 100 μM hydrogen peroxide was added to the medium for 4 hours as previously did. 16 Exogenous application of 1.2 mM serine for 24 hours or 2 mM glutathione (GSH) (Sigma-Aldrich, Shanghai, China) was used to alleviate oxidative stress. For the inhibition of GSH synthesis, 0.5 mM buthionine sulfoximine (BSO) (Sigma-Aldrich), a specific inhibitor of glutaminecysteine ligase (Gcl), was added to the medium for 6 hours. For the inhibition of AMPK, Compound C (5 μM) (Selleck, Shanghai, China) was added to the medium for 6 hours. For the activation of AMPK, A-769662 (50 μM) (Selleck) was added to the medium for 6 hours. For the inhibition of mTOR, rapamycin (10 nM) was added to the medium for 6 hours. For the inhibition of WNT/β-catenin signaling, XAV939 (10 μM) was added to the medium for 6 hours.
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Thereafter, the supernatant was filtered through 0.22-μm filters and analyzed with an ion-exchange amino acid analyzer (L8800, Hitachi, Tokyo, Japan).
| Measurement of superoxide radical, hydrogen peroxide, and thiobarbituric acidreactive substance content in serum, and GSH-Px activity in jejunum
The superoxide radical contents were measured according to the method by Azzi et al. 17 The hydrogen peroxide contents were measured by the Jiang's method. 18 The thiobarbituric acid reactive substances (TBARS) concentrations were measured using the method of Park et al. 19 GSH peroxidase (GSH-Px) activity was determined by the method of Flohe and Gunzler. 20
| Measurement of GSH/GSSG and NADP+/NADPH ratio
To measure the GSH/GSSG and NADP+/NADPH ratios, commercial assay kits purchased from Beyotime Biotechnology (Shanghai, China) were used as per the manufacturer's instructions. GSH and GSSG levels in IPEC-J2 cell samples were determined by measuring absorption at 412 nm, while NADP+ and NADPH levels were determined by measuring absorption at 450 nm. The protein concentration was measured by a Bradford protein assay kit (Beyotime).
| Terminal deoxyribonucleotidyl transferase-mediated biotin-16-dUTP nick-end labeling staining
Apoptosis in jejunum was detected by Terminal deoxyribonucleotidyl transferase-mediated biotin-16-dUTP nick-end labeling (TUNEL) staining using an in situ cell death detection kit (Roche, Shanghai, China).
| RT-qPCR analysis
Total RNA was isolated using TRIzol reagent (Invitrogen). The PrimeScript RT reagent kit (Takara, Dalian, China) was used to obtain cDNA and the mRNA expression of target genes was normalized to β-actin mRNA. RT-qPCR was performed in 10 μL of assay volumes containing 5 μL of SYBR Green mix (Takara), 3 μL of diethylpyrocarbonate-treated deionized H 2 O, 0.2 μL of ROX, 1 μL of cDNA template, 0.4 μL of forward primer, and 0.4 μL of reverse primer. All samples were run in triplicate and the results were obtained by calculating the average values. The primer sequences are shown in Table S2 .
| Intestinal epithelial cell proliferation
Cell proliferation was determined by counting BrdU positive cells in the crypt epithelium of jejunum in eight defined regions per section (3 sections/sample) using Image J (NIH, Bethesda, MD).
| FITC-dextran intestinal permeability assay
Intestinal permeability was determined by oral gavage of FITC-dextran (Sigma). Mice were gavaged with 100 µL of FITC-dextran (600 mg/kg), and 4 hours later, blood was taken from the retro-orbital sinus and plasma FITC-dextran level was determined by fluorometry (488 nm).
| Determination of myeloperoxidase and eosinophil peroxidase contents in jejunum
Myeloperoxidase (MPO) and eosinophil peroxidase (EPO) concentrations in the jejunum were determined using ELISA quantitative kits (Cusabio Biotech, Wuhan, China) according to the manufacturer's instructions.
| Protein qualification by the Wes
Simple Western System
Protein qualification was performed with the Wes Simple Western System (ProteinSimple, San Jose, CA, USA) using an automated process of capillary gel electrophoresis. Proteins were extracted from jejunum samples and IPEC-J2 cells with a lysis buffer containing 1% Nonidet P40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.5% sodium deoxycholate, and 0.1% SDS. Proteins mixed with Simple Western Sample Buffer, Master Mix, dithiothreitol, and fluorescent standards (ProteinSimple) were loaded into Wes 25-well plates. Thereafter, primary antibodies, secondary antibodies, luminol-peroxide mixture, stacking gel matrix, and separation gel matrix were added to the appropriate wells. Primary antibodies used in the experiment including antibodies against Claudin-1, Occludin, ZO-1, nrf2, PHGDH, β-catenin, p-β-catenin, mTOR, p-mTOR, 4EBP1, p-4EBP1, p70-S6 kinase, p-p70-S6 kinase, β-actin (Abcam, Cambridge, MA, USA), lamin B, AMPK and pAMPK (Bioss, Beijing, China). Results were obtained using the "gel view" function of the 4 |
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Protein Simple software (ProteinSimple). Total cellular protein expression was normalized to β-actin, while nuclear nrf2 protein expression was normalized to Lamin B.
| Measurement of ROS in mitochondria
IPEC-J2 cells were seeded into confocal dishes and then cultured in Com or SGD media and treated with different conditions. Cells were treated with 5 μM MitoSOX reagent working solution (Invitrogen, Shanghai, China) and incubated for 10 minutes at 37°C in the dark. Then, cells were treated with an anti-fluorescence quenching agent and observed using a Zeiss LSM880 confocal microscope (Shanghai, China).
| Immunofluorescent assay
IPEC-J2 cells in confocal dishes were cultured in Com or SGD media and treated with different conditions. Cells were fixed with 4% paraformaldehyde for 15 minutes and permeabilized with 0.3% Triton X-100 for 15 minutes. Then, cells were blocked in 10% BSA for 20 minutes and were incubated with primary antibodies (PHGDH, Hsp60, Hsp70, Ki-67, Caspase 3 and nrf2; Abcam) overnight at 4°C. Cells were washed three times with PBS and then incubated with corresponding secondary antibodies for 1 hour at 22 ± 2°C. Thereafter, nuclear DNA was labeled with 4′, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 2 minutes. Anti-fluorescence quenching agent was dropped onto the confocal dishes and images were acquired with a Zeiss LSM880 confocal microscope.
| Mitochondrial membrane potential assay
Mitochondrial membrane potential was assayed by double fluorescence staining with JC-1 (Invitrogen), either as green fluorescent J-monomers or as red fluorescent J-aggregates. IPEC-J2 cells were seeded into confocal dishes and then treated under different conditions. JC-1 (10 μg/mL) was added into the medium for 30 minutes and then the cells were washed twice with PBS. Followingly, cells in the confocal dishes were treated with an anti-fluorescence quenching agent and observed using a Zeiss LSM880 confocal microscope.
| Measurement of CS and PDH activities
PDH and CS activities were measured using a colorimetric assay kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions.
| mtDNA copy number
Total DNA was extracted using the DNeasy Tissue Kit (Qiagen, Shanghai, China) to quantify mtDNA copy number. The relative amounts of mitochondrial genes ATP synthase F0 subunit 6 (ATP6), cytochrome c oxidase subunit I (COX1), and NADH dehydrogenase subunit 1 (ND1) were used to quantify mtDNA and nuclear gene. The glucagon gene (GCG) is present as a single copy according to the previous report. 21 
| Cellular-respiration assays
Mitochondrial respiration was assessed using an XF-24 Extracellular Flux Analyzer and a Cell Mito Stress Test Kit (Agilent Technologies, Inc) according to the manufacturer's instructions. The baseline oxygen-consumption rate (basal OCR), maximal respiratory capacity (maximal respiration), ATP-linked mitochondrial oxygen consumption (ATP production), non-ATP-linked oxygen consumption (proton leakage), spare respiratory capacity, and non-mitochondrial respiration were determined as previously described. 22 Total cellular protein was measured to normalize mitochondrialrespiration rates.
| Cell viability assays
IPEC-J2 cells were seeded in a 96-well plate at a density of 8 × 10 3 cells/well. After grown to ∼80% confluence, cell viability was assessed by the CKK-8 assay (Sigma-Aldrich) using a microplate reader at 450 nm according to the manufacturer's instructions.
| Lactate dehydrogenase cytotoxicity assay
The lactate dehydrogenase (LDH) concentration was determined using the LDH cytotoxicity assay kit (Invitrogen, Shanghai, China) according to the manufacturer's instructions.
| Cell cycle analysis
Cells were pretreated as previously did. 23 Briefly, cells were trypsinized, washed with PBS twice, and cell pellets were collected by centrifugation at 1800 rpm. Then, the pellets were resuspended in 0.5 mL of PBS and fixed in 4.5 mL of 70% ethanol overnight at 4°C. Next, fixed cells were centrifuged at 1800 rpm for 5 minutes and washed with PBS twice. Subsequently, 1 mL of cocktail solution (10 μL of Triton-X, 8 mL of PBS, 2 mL of RNAse A 1 mg/ mL, and 200 μL of propidium iodide 1 mg/mL) was added to the cell pellet and incubated for 30 minutes at 20°C for analysis in a Beckman MoFlo XDP flow cytometer (Beckman Coulter, CA, USA).
| Cell apoptosis analysis
Apoptosis analysis of IPEC-J2 cells was performed with the Annexin V-FITC/PI (propidium iodide) flow cytometry kit (BD, Shanghai, China) according to the manufacturer's instructions. IPEC-J2 cells were seeded into 6-well plates and after treatment, 10 μL of Annexin V-FITC and 10 μL of PI were added and cells were incubated for 30 minutes at 4°C in the dark. Finally, 300 μL of binding buffer was added, and cells were lysed and counted in a Beckman MoFlo XDP flow cytometer (Beckman Coulter).
| Measurement of Gcl activity
Gcl activity was determined as previously described. 24 Briefly, IPEC-J2 cells were mixed with ice-cold buffer (20 mM Tris, 0.25 M sucrose, 20 mM boric acid, 1 mM l-serine, 1 mM EDTA, pH 7.4) for 30 minutes and the supernatant was obtained by centrifugation at 12 000 rpm for 30 minutes at 4°C. Then, the supernatant was incubated with 100 μL of cysteine and 100 μL of reaction cocktail (40 mM MgCl2, 2 mM EDTA, 2 mM l-serine, 20 mM boric acid, 400 mM Tris, 40 mM ATP, and l-glutamic acid) for 30 minutes at 37°C. An addition of 100 μL of 200 mM 5-sulfosalicylic acid was used to terminate the reaction. Thereafter, the supernatant was obtained by centrifugation at 1800 rpm for 8 minutes at 4°C and used for the measurement of fluorescence intensity at 485 nm excitation and 538 nm emission.
| Measurement of ATP, ADP, and AMP
concentration ATP, ADP, and AMP concentrations in IPEC-J2 cells were determined by HPLC as previously described. 25 In brief, IPEC-J2 cell samples were dissolved in 1 mL of 8% perchloric acid for 30 minutes in ice. After centrifugation at 12 000 rpm for 15 minutes at 4°C, the supernatant was neutralized with 3 M K 2 CO 3 for 10 minutes in ice and then centrifuged at 1800 rpm for 10 minutes at 4°C to remove KClO 4 . The supernatant was filtered through 0.22-μm filters and then injected into a high-performance liquid chromatography (Beckman Instruments, Inc, Fullerton, CA, USA).
| Measurement of AMPK activity
AMPK activity was determined with a CycLex AMPK Kinase Assay kit (CycLex, Nagano, Japan). IPEC-J2 cells were lysed and centrifuged at 13 000 rpm for 20 minutes at 4°C. Subsequently, the supernatant was collected for the detection of the relative AMPK activity according to the manufacturer's instruction.
| Statistical analysis
Statistical analysis was performed by the t-test or one-way ANOVA using data statistics software SPSS 18.0. All the measurement data are expressed as the means ± standard error (SEM). P < .05 was considered statistically significant.
| RESULTS
| Dietary serine deficiency exacerbated intestinal oxidative stress in hydrogen peroxidechallenged mice
We firstly found that after fed the mice with SGD diet for 28 days, the serum serine content was significantly decreased ( Figure 1A) . Then, the mice were challenged with hydrogen peroxide to induce oxidative stress. We observed that the content of superoxide radical, hydrogen peroxide, as well as TBARS in the intestine were significantly increased in hydrogen peroxide-challenged mice ( Figure  1B -D), suggesting that these mice were under increased oxidative stress. Importantly, dietary serine deficiency further exacerbated oxidative stress in the intestine. Additionally, the results showed that the GSH content, the ratio of GSH to GSSG, as well as GSH-Px activity were both decreased in hydrogen peroxide-challenged mice ( Figure 1E -G), indicating decreased antioxidant ability. Moreover, dietary serine deficiency further decreased these parameters. These results suggested that serine deficiency did not affect redox balance when the mice were in normal condition, but it aggravated the oxidative status when they were under oxidative stress.
| Dietary serine deficiency exacerbated intestinal apoptosis and impaired cell proliferation in hydrogen peroxidechallenged mice
We next explored intestinal apoptosis in mice fed SGD diet and challenged with hydrogen peroxide. The results of TUNEL staining showed that the level of intestinal apoptosis was significantly increased in hydrogen peroxide-challenged mice, and dietary serine deficiency further exacerbated apoptosis (Figure 2A,B ). Moreover, mRNA expression of anti-apoptotic genes (cFlip and Bcl2l1) was significantly decreased, while mRNA expression of pro-apoptotic genes (Caspase 3 and Bax) was significantly increased in hydrogen peroxidechallenged mice ( Figure 2C,D) .
We next explored whether dietary serine deficiency and hydrogen peroxide challenge affected intestinal cell proliferation. Quantitation of BrdU-positive cells showed a significant decrease of labeled cells in hydrogen peroxide-challenged mice ( Figure 2E ). Although dietary serine deficiency alone did not affect cell proliferation, it exacerbated the decrease of labeled cells in hydrogen peroxide-challenged mice, suggesting that dietary serine deficiency impaired cell proliferation in mice when they were under oxidative stress. Next, our results showed that dietary serine deficiency exacerbated the decrease in relative amounts of ATP6, COX1, and ND1 in hydrogen peroxide-challenged mice, suggesting a decreased mtDNA copy number ( Figure 2F ).
| Dietary serine deficiency exacerbated intestinal barrier dysfunction in hydrogen peroxide-challenged mice
We next explored the effects of dietary serine deficiency on intestinal permeability and barrier function in hydrogen peroxide-challenged mice. The results showed that serum FITCdextran content, as well as intestinal concentrations of MPO and EPO (indicators of infiltration with polymorphonuclear leukocytes and eosinophils, respectively), 26 were significantly increased in hydrogen peroxide-challenged mice, and these parameters were further increased when the mice were fed with SGD diet ( Figure 3A -C). These results suggested that dietary serine deficiency exacerbated intestinal permeability in mice under oxidative stress.
We then determined the expression of tight junction protein to explore the intestinal barrier function. The results showed that although dietary serine deficiency alone did not affect protein expression of Claudin-1, Occludin, and ZO-1, it exacerbated the decreases of these proteins in hydrogen peroxide-challenged mice (Figure 3D,E) . 
| Serine deficiency exacerbated oxidative stress in IPEC-J2 cells treated with hydrogen peroxide
To explore whether exogenous serine deficiency would lead to oxidative stress, we cultured IPEC-J2 cells in the SGD medium. First, we found that cells cultured in the SGD medium for 6 hours did not show any changes in ROS content ( Figure 4A,B) . Further, the ratio of GSH/GSSG and NADPH/NADP + also remained unchanged ( Figure 4C,D) .
Additionally, our results showed that cells treated with hydrogen peroxide had increased ROS content and decreased GSH/GSSG and NADPH/NADP + ratio, and the culture of cells in SGD medium did not aggravate these changes. These results suggested that exogenous serine deprivation for a short-time period had little effect on cellular redox balance. We further explored whether hydrogen peroxide treatment affected serine content. The results showed that cellular serine was not changed, while the serine content in medium was significantly decreased (Figure 4E,F) . These results suggested that cells may uptake more serine from the medium when they were under oxidative stress. Then, we explored whether hydrogen peroxide treatment affected de novo serine synthesis. We first found that PHGDH, which encodes the key enzyme controlling the rate of de novo serine synthesis, is expressed in IPEC-J2 cells ( Figure 4G ). Next, the results showed that both gene and protein expression of PHGDH were significantly increased by hydrogen peroxide treatment ( Figure 4H ,I). Expression of genes (PSAT1 and PSPH) encoding the other two enzymes involved in de novo serine synthesis was also increased ( Figure 4I) . Additionally, the expression of these genes was further increased when the cells were cultured in the SGD medium. These results suggested the possibility that de novo serine synthesis may compensate for exogenous serine deficiency when the cells were under oxidative stress.
IPEC-J2 cells cultured in the SGD medium for 24 hours did not affect the ROS content and ratio of GSH/GSSG (Figure 5A ,B) and NADPH/NADP+ ( Figure 5C,D) . These results were different from those in Caco-2 cells, as Caco-2 cells cultured in the SGD medium for 24 hours showed significantly increased ROS content ( Figure S1 ) and decreased ratio of GSH/GSSG ( Figure S2 ). However, after treated with hydrogen peroxide, IPEC-J2 cells cultured in the SGD medium showed higher ROS content (Figure 5A HE Et al oxidative stress, 3 was also significantly higher in cells cultured in SGD medium than those cultured in control medium ( Figure 5E -G), when these cells are treated with hydrogen peroxide. These results suggested that exogenous serine deficiency exacerbated oxidative stress.
| Serine deficiency exacerbated mitochondrial dysfunction in IPEC-J2 cells treated with hydrogen peroxide
We explored the effects of serine deficiency on mitochondrial function in IPEC-J2 cells. We first used JC-1, which signals mitochondrial stress when it turns from red to green, 27 and found a decrease in the intensity ratio of red to green fluorescence in cells treated with hydrogen peroxide (Figure 6A,B) . The culture of IPEC-J2 cells in the SGD medium aggravated the abovementioned changes. Then, activities of CS and PDH, which are both markers of mitochondrial function, were determined. The results showed that hydrogen peroxide induced a significant decrease in their activities ( Figure 6C ). The culture of IPEC-J2 cells in the SGD medium further exacerbated these changes. Next, we found that the changes in relative amounts of the mitochondrial genes ATP6, COX1, and ND1 were the same as the activities of CS and PDH did ( Figure 6D ). These results indicated that exogenous serine deficiency exacerbated mitochondrial dysfunction in IPEC-J2 cells treated with hydrogen peroxide. Furthermore, the effects of serine deficiency on cellular respiration metabolism were explored. Cells treated with hydrogen peroxide had significantly decreased ATP production, basal respiration, non-mitochondrial respiratory capacity, spare respiratory capacity, maximal respiration, and increased proton leakage ( Figure 6E -K) as the previous study reported. 16 As expected, the culture of IPEC-J2 cells in the SGD medium further aggravated the changes in these parameters. These results suggested that serine deficiency exacerbated mitochondrial respiration when the cells were under oxidative stress.
| Serine deficiency exacerbated apoptosis and impaired cell proliferation in IPEC-J2 cells treated with hydrogen peroxide
We first explored the effects of serine deficiency on cell growth. The results showed that cell viability was significantly reduced after hydrogen peroxide treatment, while it was not significantly affected by serine deficiency (Figure 7A ). LDH assay was used to measure cytotoxicity and the results showed that hydrogen peroxide treatment had detriment effects on cells ( Figure 7B ). Then, we determined the effects of hydrogen peroxide and serine deficiency on the different phases of the cell cycle. The results showed that hydrogen peroxide-induced G1/S cell cycle arrest, while serine deficiency did not show further significant effects ( Figure 7C,D) . To further explore whether serine deficiency affected cell proliferation, we assessed the expression of Ki-67 in IPEC-J2 cells. Although the culture of IPEC-J2 cells in the SGD medium did not significantly affect Ki-67 expression, the culture of IPEC-J2 cells in the SGD medium further decreased Ki-67 expression which was decreased by hydrogen peroxide treatment ( Figure 7E,F) . However, we observed different results in Caco-2 cells when they were cultured in the SGD medium, as Ki-67 expression was significantly decreased in these cells ( Figure S3 ). Taken together, these results suggested that serine deficiency impaired cell proliferation only when the cells were counteracting oxidative stress.
Then, we investigated the effects of serine deficiency on cell apoptosis. First, flow cytometry analysis showed that the percentage of apoptotic cells was significantly increased in cells treated with hydrogen peroxide (Figure 7G,H) . Cultured cells in the SGD medium further increased the apoptotic cells. Moreover, the expression of Caspase 3 was significantly increased by hydrogen peroxide treatment and its expression was aggravated by the culture of cells in the SGD medium ( Figure 7I,J) . These results suggested that serine deficiency exacerbated apoptosis in IPEC-J2 cells treated with hydrogen peroxide.
| Serine alleviated oxidative stress in IPEC-J2 cells by promoting glutathione synthesis
To further confirm whether IPEC-J2 cells confront hydrogen peroxide-induced oxidative stress by supporting GSH synthesis when serine is available, we added serine or GSH to cells. Exogenous addition of serine decreased ROS accumulation in mitochondria ( Figure 8A ) and increased the ratio of GSH to GSSG and NADPH to NADP+ (Figure 8B,C) . In addition, serine also decreased the expression of Hsp60 and Hsp70 (Figure 8D-G) . Furthermore, the ratio of JC-1 red fluorescence to green fluorescence was increased by serine supplementation (Figure 8H,I) . These results suggested that exogenous addition of serine alleviated oxidative stress and rescued redox balance which was disturbed by hydrogen peroxide treatment. Exogenous serine increased the activity of Gcl (a critical enzyme that catalyzes the GSH synthesis) ( Figure 8J ), GSH content ( Figure 8K ), as well as expression of genes (glutamate-cysteineligase (CBS), glutamate-cysteine ligase, catalytic subunit (GCLC) and glutamate-cysteine ligase, modifier subunit (GCLM)) encoding enzymes involved in GSH synthesis ( Figure 8L ). Moreover, exogenous supplementation of GSH exerted the same anti-oxidant effects as serine did. These results suggested the possibility that serine may alleviate oxidative stress by supporting GSH synthesis.
We further inhibited Gcl activity by adding BSO. As expected, BSO inhibited the increase in the GSH content by exogenous serine addition ( Figure 8K) . Moreover, supplementary serine in this context could not rescue the redox balance in IPEC-J2 cells. These results provided further evidence that serine supports GSH synthesis to confront oxidative stress. 
| AMPK activation is dispensable for the effects of serine on the alleviation of oxidative stress in IPEC-J2 cells
Our previous studies suggested that serine could activate the AMPK signaling pathway, 6 consequently, we explored whether AMPK signaling also has a role in the effects of serine on the alleviation of intestinal oxidative stress by treating cells with AMPK activator (A-769662) and inhibitor (Compound C). The results showed that inhibition of AMPK activity did not affect the impact of serine on the accumulation of mitochondrial ROS (Figure 9A,B) , as well as on the ratio of GSH/GSSG and NADPH/NADP+ (Figure 9C,D) . In addition, activation of AMPK but without the addition of exogenous serine did not have any effect on ROS accumulation in hydrogen peroxide-treated cells. However, we observed a significant decrease in the ATP content, phosphorylated AMPK protein, and AMPK activity in hydrogen peroxidetreated IPEC-J2 cells, while supplementary serine rescued these changes ( Figure 9E-H) . These results suggested that AMPK activation is dispensable for the effects of serine on the alleviation of oxidative stress in IPEC-J2 cells.
Nrf2 is a critical transcription factor involved in cellular antioxidant and a downstream target of AMPK. Our results showed that serine supplementation significantly increased nuclear nrf2 expression ( Figure 9G-I) . Moreover, inhibition of AMPK did not affect the impact of serine on nuclear nrf2 expression and activation of AMPK did not improve nrf2 expression. These results indicated that serine may have a direct effect on nrf2 or activate nrf2 through other signaling pathways.
| Serine promoted cell proliferation in IPEC-J2 cells via mTOR but not Wnt signaling pathway
First, we found that when serine was added at the concentration of 1.20 mM for 24 h, it had the greatest beneficial effects on cell viability ( Figure 10A ). Consequently, we 
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HE Et al treated cells with serine at this concentration for 24 hours in the following experiments. Wnt/β-Catenin and mTOR signaling pathways are two of the most important signaling involved in the regulation of cell proliferation. We explored whether exogenous serine had any effects on cell proliferation and whether these two signaling pathways play a role in the process. We firstly found that hydrogen peroxide induced significantly decreases of expression of phosphorylated mTOR and its downstream target 4EBP1 and p70 S6 kinase, as well as phosphorylated β-Catenin, while supplementary serine rescued these changes ( Figure 10B-D) . These results suggested that serine supplementation may activate both Wnt/β-Catenin and mTOR pathways. Next, we found that serine supplementation increased cell viability ( Figure  10E ) and promoted cell cycle progression which was arrested at G1/S by hydrogen peroxide treatment, while inhibition of mTOR diminished these effects of serine ( Figure  10F-G) . Surprisingly, inhibition of Wnt/β-Catenin signaling did not affect the effects of serine. Furthermore, we found that serine supplementation increased Ki-67 expression and mtDNA copy number (Figure 10H,I) . As expected, inhibition of mTOR diminished these effects of serine, while inhibition of Wnt/β-Catenin signaling showed no such effects. These results suggested that serine promoted cell proliferation, via mTOR but not Wnt/β-Catenin signaling pathway, in IPEC-J2 cells under oxidative stress.
To further explore the effects of serine on apoptosis, we assessed the percentage of apoptotic cells and Caspase 3 expression. The results showed that serine supplementation decreased the percentages of apoptotic cells and Caspase 3 expression which were induced by hydrogen peroxide treatment ( Figure 10J -L). However, inhibition of mTOR diminished these effects of serine, while these beneficial effects of serine were not affected even after the inhibition of Wnt/β-Catenin signaling.
| DISCUSSION
Previous studies have emphasized that serine availability is critical for the maintenance of cellular anti-oxidative capacity and mitochondrial function in cancer cells. 4, 10 Recently, studies further suggested that de novo serine synthesis and serine catabolism also play important roles in maintaining cellular redox balance and mitochondrial respiration in normal mammalian cells. 3, 12 These studies mostly focused on the role of serine in metabolism such as support of de novo ATP synthesis and provision of the one-carbon unit. In our study, we found that serine deficiency exacerbated oxidative stress and cellular apoptosis in IPEC-J2 cells under oxidative stress. Moreover, we demonstrated that exogenous serine supplementation could alleviate oxidative stress and cellular apoptosis, and promote mitochondrial function and cellular proliferation. Importantly, the signaling pathway such as nrf2 and mTOR that might be involved in these processes are elucidated.
Recent work has highlighted the importance of serine in the maintenance of redox balance. 10 It is suggested that either disruption of de novo synthesis of serine in Muller cells 3 or exogenous serine deficiency in cancer cells 4 could affect cellular anti-oxidant abilities. Here, using IPEC-J2 cells and mice, we unexpectedly found different results compared with the abovementioned previous studies, in that exogenous serine deprivation did not affect oxidative stress in the intestine both in vivo and in vitro. However, serine deficiency exacerbated oxidative stress when they were challenged by hydrogen peroxide. The aggravated oxidative stress caused by complete depletion of serine was exemplified by increases in mitochondrial ROS accumulation, and expression of Hsp60 and Hsp70, as well as decreases in GSH/GSSG and NADPH/ NADP + ratios and mitochondrial membrane potential.
In this study, IPEC-J2 cells exhibited an increased demand for serine utilization when they were under oxidative challenge. Cellular serine can contribute to several metabolic pathways. Under normal conditions, there is a balance between purine nucleotide and glutathione synthesis, which are two major metabolic pathways that require serine. 28, 29 However, the flux of serine into glutathione synthesis becomes the principle pathway when cells are under stress conditions, while, in contrast, flux to nucleotide synthesis is inhibited. 4 According to these results, they suggested that increasing glutathione synthesis with replenished serine may be the main way in which the cells counter oxidative stress, although no direct evidence was provided. In the present study, we showed that GSH supplementation played the same anti-oxidant effects as serine did. Moreover, exogenous serine supplementation did not alleviate oxidative stress when glutathione synthesis was blocked. This further indicates that glutathione synthesis supported by serine is indispensable for the intestinal cells to counter oxidative stress. These results were also consistent with our previous studies in lipopolysaccharide-treated IPEC-1 cells. 7 AMP-activated protein kinase (AMPK), as the cellular sensor of energy and redox balance, is critical for the regulation of cellular antioxidant ability. AMPK detects decreased ATP level and its activation promotes ATP production and balances cellular ATP demand. 30 AMPK activation also alleviates oxidative stress and promotes cell survival through its downstream target nrf2, which is a nuclear transcription factor that regulates the expression of genes involved in the antioxidant defense system. 6, 31 We observed a significant decrease in the ATP content and phosphorylated AMPK protein in hydrogen peroxide-treated IPEC-J2 cells that cultured in the SGD medium, while supplementary serine rescued these changes. Because we previously found that serine supplementation activates the hepatic AMPK pathway in high-fat diet-induced oxidation in mice, 6 we speculated that serine also alleviated intestinal oxidative stress by activating the AMPK-nrf2 pathway, except by supporting glutathione synthesis. Unfortunately, our results in IPEC-J2 cells did not support this speculation, since inhibition of AMPK activity did not affect the beneficial effect of serine on oxidative stress and activation of AMPK without the supplementation of serine did not alleviate oxidative stress. According to these results, the rescued activity of AMPK may be due to the restoration of redox balance by serine supplementation through supporting GSH synthesis.
As previously demonstrated, serine deficiency results in the flux of serine to nucleotides transferred to GSH synthesis, 4 suggesting that serine deficiency may affect cell proliferation as in this condition the roles of serine in supporting nucleotide synthesis and sustaining the one-carbon pool were inhibited. Unexpectedly, we did not observe any difference in cell apoptosis and proliferation when the IPEC-J2 cells were cultured in the SGD medium. This might be because rapidly proliferating cancer cells have a higher demand for serine. However, serine deficiency increased the sensitivity of IPEC-J2 cells to hydrogen peroxide treatment, which is in line with cancer cells. 4 Serine deficiency exacerbated cell damage, apoptosis and the alteration of cell cycle profile, and the impairment of cell proliferation in hydrogen peroxide-treated cells. We suggested that de novo serine synthesis and other sources could only compensate for exogenous serine deficiency to maintain cell survival and proliferation in normal conditions, but not when the cells are counteracting oxidative stress. Additionally, these results suggested that additional serine is required for cells to combat oxidative stress. As expected, we found that serine supplementation alleviated cell damage, apoptosis and the alteration of cell cycle profile, and promoted cell proliferation in hydrogen peroxide-treated cells. Interestingly, we found that serine supplementation activated the mTOR and Wnt/β-Catenin signaling, which are two of the most critical pathways that regulate the proliferation of intestinal epithelial cells. However, inhibition of Wnt/ β-Catenin signaling did not affect the effects of serine on proliferation, while inhibition of mTOR did. Thus, we suggested that mTOR signaling is essential in these processes.
However, our results do not exclude the possibility that there exist other signaling pathways mediating the effects of serine. Nevertheless, these results indicated that except for supporting cellular proliferation by providing one-carbon units and other substrates through its catabolism, serine also activated the signaling pathway that promote proliferation, as other amino acids such as arginine and leucine did. 32, 33 Previous studies had reported several amino acid sensors such as arginine sensors (CASTOR and SLC38A9) 34, 35 and leucine sensor (Sestrin 2) 36 for the mTOR pathway. Consequently, future study is needed to explore serine sensors and elucidate the mechanism by which the mTOR pathway detects and transmits the serine signal.
In conclusion, we demonstrate that exogenous serine deficiency did not result in redox imbalance and affect proliferation in IPEC-J2 cells. However, serine deficiency exacerbated oxidative stress, apoptosis and the impairment of cell proliferation in hydrogen peroxide-treated cells, while serine supplementation rescue redox imbalance and proliferation defects. Our findings further demonstrated that serine alleviates intestinal oxidative stress through supporting glutathione synthesis and nrf2 signaling, as well as promotes proliferation via the mTOR signaling pathway. Taken together, our study underlines the importance of exogenous serine in the maintenance of redox status and proliferation in the normal mammalian intestine and reveals novel potential mechanisms that mediate these effects of serine.
